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Synergistic multi-doping effects on 
the Li7La3Zr2O12 solid electrolyte for 
fast lithium ion conduction
Dong Ok Shin1,2,*, Kyungbae Oh3,*, Kwang Man Kim1, Kyu-Young Park3,4, Byungju Lee3,4, 
Young-Gi Lee1 & Kisuk Kang3,4
Here, we investigate the doping effects on the lithium ion transport behavior in garnet Li7La3Zr2O12 
(LLZO) from the combined experimental and theoretical approach. The concentration of Li ion vacancy 
generated by the inclusion of aliovalent dopants such as Al3+ plays a key role in stabilizing the cubic 
LLZO. However, it is found that the site preference of Al in 24d position hinders the three dimensionally 
connected Li ion movement when heavily doped according to the structural refinement and the DFT 
calculations. In this report, we demonstrate that the multi-doping using additional Ta dopants into 
the Al-doped LLZO shifts the most energetically favorable sites of Al in the crystal structure from 24d 
to 96 h Li site, thereby providing more open space for Li ion transport. As a result of these synergistic 
effects, the multi-doped LLZO shows about three times higher ionic conductivity of 6.14 × 10−4 S cm−1 
than that of the singly-doped LLZO with a much less efforts in stabilizing cubic phases in the synthetic 
condition.
Li ion batteries are the most promising candidate for mobile power sources of the newly arising applications such 
as wearable electronic devices and electric vehicles (EVs) due to their high energy density, reliability, and cycle 
performance1–4. However, the current Li ion battery system exploiting liquid organic electrolytes as ion conducting 
media has exposed significant drawbacks regarding safety as well as intrinsic limitations on the available form 
factors determining the appearance of final device products5,6. Recently, the Li ion batteries containing solid elec-
trolytes, that are called all-solid-state batteries, have attracted much attention because of their expected improve-
ment of volumetric energy density, design flexibility and safety. Moreover, the wide range of operating voltage 
and temperature in solid electrolytes are important merits in terms of energy storage applications. Although there 
have been several reports using solid electrolytes as Li ion conductors, their relatively low conductivity compared 
to that of liquid electrolytes (~10−2 S cm−1 at RT) could not afford widespread applications7–9. Accordingly, many 
research groups have placed extensive efforts in developing novel solid electrolytes having high Li ionic conductivity 
approaching that of liquid electrolytes10–20.
Ones of the representative solid electrolytes that have been widely studied include the sulfide systems such as 
glass-ceramic Li2S-P2S510,11 or Li7P3S1112,13, thio-lithium ion superionic conductor (thio-LISICON, Li3.25Ge0.25P0.
75S4)14 and Li10GeP2S1215,16, employing large-size and highly polarizable sulfide ion, which showed the ionic con-
ductivities over 10−3 S cm−1 at RT. Due to their high ionic conductivities reported, it was proposed that they could 
be potential alternatives to conventional organic electrolytes. However, the practical issues arising from the insta-
bility and handling difficulties related to the unavoidable degradation of sulfide solid electrolytes in contact with 
oxygen or humid in general atmospheric condition, have significantly impeded the utilization of the sulfide solid 
electrolyte17. Another class of solid electrolytes such as perovskite Li3xLa(2/3)−x□ (1/3)−2xTiO3 (LLT, 0< x< 0.16)18 or 
NASICON Li1+xAlxTi2−x(PO4) (LATP)19, on the other hand, could be handled under mild atmospheric environment 
due to the stability against air, and exhibits high Li ionic conductivities in the range of 10−4 to 10−3 S cm−1 at RT. 
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Nevertheless, there are still serious intrinsic problems that the unwanted decomposition of electrolytes can occur 
upon the contact with Li metal anode, where Li ions are intercalated into the electrolyte causing the reduction of 
Ti4+ to Ti3+ at the potential below 1.7–1.8 V vs. Li+/Li20.
The Li garnet-type Li7La3Zr2O12 (LLZO) has been extensively studied owing to several advantages since it was 
firstly introduced by Murugan et al. in 200721. It was demonstrated that LLZO not only shows the high Li ionic 
conductivities with low grain boundary resistance but also is stable in the ambient air with the excellent chemical 
stability against Li metal21−32. While there are two stable forms of LLZO available; the cubic and the tetragonal 
phases, the conductivity of the former (~10−4 S cm−1 at RT) is about two orders of magnitude higher than that of the 
latter (~10−6 S cm−1 at RT)33, thus it is highly required to stabilize the cubic phase21–32. In order to achieve the more 
conductive cubic structure, several calcination steps and long sintering time over 1 day in the temperature range of 
1000–1200 ˚ C are typically needed21–28. During this high temperature thermal process, however, significant Li loss 
unavoidably occurs, which often results in a structural collapse of LLZO accompanying the formation of La2Zr2O7 
or other second phases, thereby reducing the ionic conductivity22,24. Many previous works have demonstrated that 
promoting the stabilization of cubic phase LLZO is feasible through the inclusion of doping elements24–32,34. Geiger 
et al. have revealed that Al contamination from alumina crucible plays a major role in stabilizing the cubic LLZO 
during thermal reaction35. Moreover, the intentional addition of Al has succeeded in accelerating the formation 
of cubic LLZO28,30,36. Simultaneously, other researchers examined the effects of various doping elements, some of 
which could stabilize the cubic LLZO phase as in the case of Ta and Ga24–29,31,32,34. In particular, it was also shown 
that certain dopants not only stabilize the cubic phase but also could further enhance the ionic conductivity com-
pared to the un-doped cubic LLZO24,30,34. The series of the studies on doping of LLZO clearly suggest that the each 
of dopants would have distinct roles in modifying the property of LLZO and the proper selection of them would 
effectively enhance the ionic conductivity with a more facile cubic phase stabilization. However, thus far, systematic 
investigations to elucidate the role of different dopants with respect to the phase stability or the ionic conductivity 
of LLZO are rare, and the underlying mechanism of doping in the LLZO is still elusive. Furthermore, in the case 
of the multi-doping, there are few reports explaining which crystallographic sites in garnet-structured LLZO are 
occupied by each of dopants and how they affect the 3D-connected Li ion movement.
In this study, we introduce a novel route to prepare the cubic LLZO phase with an enhanced Li ionic con-
ductivity by exploiting multi-doping strategy. While multiple steps of thermal reaction are generally required 
for preparing the cubic LLZO even utilizing doping elements, it is demonstrated that the multi-doping of Al and 
Ta can stabilize the cubic LLZO more easily with a one-step calcination. Moreover, the ionic conductivity of the 
multi-doped LLZO increases by about three times compared to the singly-doped LLZO. Our density functional 
theory (DFT) calculation reveals that the stabilization of the cubic phase is attributed to the more Li vacancy 
offered by multi-doping of aliovalent dopants, whose disordering nature favors more symmetric cubic phase. More 
interestingly, the addition of Ta dopants alters the energetically favorable sites of Al dopants from 24d to 96 h Li 
site in the crystal structure, thereby providing more open space for Li ion transport.
Results
The garnet LLZO has two polymorphs of tetragonal structure with space group I41/acd (No. 142) and cubic struc-
ture with space group Ia-3d (No. 230). Both structures have unit cell (Li56La24Zr16O96) containing 8 formula units 
(Li7La3Zr2O12), which La and Zr ions are located in the center of LaO8 dodecahedrons and ZrO6 octahedrons, 
respectively (briefly illustrated for cubic phase in Fig. 1). The notable difference between two structures is the 
occupancy of Li sites. Li sites are partially occupied in the cubic structure, while they are fully occupied in each 
crystallographic site in the tetragonal structure.
Figure 2a shows the X-ray diffraction (XRD) patterns of LLZO samples with different dopants and their con-
tents after 4 h (2 h for multi-doped sample) of thermal treatment at 1000 °C. In the absence of the doping element, 
Figure 1. Unit cell of cubic Li56La24Zr16O96 (=8 formula unit) with space group Ia-3d. Partially occupied 
24d (or 96 h) sites are described as white/dark-blue (or light-blue) spheres. La and Zr ions are located in the 
center of yellow dodecahedrons and orange octahedrons, respectively. Oxygen ions are depicted in red spheres 
forming polyhedrons with La and Zr ions.
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the tetragonal phase of LLZO was obtained in agreement with previous reports23,36–38. However, the notable evo-
lution of crystal structure from tetragonal to cubic LLZO took place with the adoption of the doping element 
under the same experimental condition. When Ta was doped (Li7−3x−yAlxLa3Zr2−yTayO12; x = 0, y = 0.2) the cubic 
phase began to appear with a noticeable amount of tetragonal phase still present. In contrast, doping with Al 
(Li7−3x−yAlxLa3Zr2−yTayO12; x = 0.2, y = 0) was capable of stabilizing the pure cubic phase, which was in agreement 
with previous literatures35,36. Furthermore, with the multi-doping of Al and Ta (Li7−3x−yAlxLa3Zr2−yTayO12; x = 0.2, 
y = 0.2) the cubic phase LLZO was formed more quickly, reducing thermal reaction time to a half (2 h) at 1000 °C. 
For a comparison, the increased amount of a single dopant up to the level of the multi-doping were also attempted 
to verify the effect of the absolute amount of dopants in stabilizing the cubic phase (Figure S1), however, the limited 
solubility of each dopant yielded second phases such as LaAlO336 and La2Zr2O730, indicating that the multi-doping 
aided in widening the solubility limit of dopants in LLZO. The stabilization of the cubic LLZO phase is believed to 
be due to the increased number of Li vacancies in the LLZO with the aliovalent dopants29,31,36,39,40. Bernstein et al. 
demonstrated that as the Li vacancy increases in the LLZO, the tendency toward the cubic phase becomes more 
dominant40. As Al is known to substitute to Li, the occupancy of the supervalent Al3+ in the Li+ sites is likely to 
induce two Li vacant sites near Al to balance the charge neutrality40. Accordingly, the small amount of Al doping 
would result in the large contents of Li vacancy. Similarly, Ta5+ which substitutes to the Zr4+ is speculated to be 
capable of inducing a cation vacant site including Li sites contributing to the stabilization of the cubic phase, even 
though the effect of the stabilization is likely to be weaker due to the smaller difference in the valences and the 
preferred sites of Ta, which is consistent with XRD results in Fig. 2a. The preferred sites for Al and Ta dopants in 
the LLZO will be discussed in detail later. From the DFT calculation, we could also confirm that the presence of 
the Li vacancy is the dominant factor for the stabilization of the cubic phase40. In Fig. 2b, the calculated instability 
of cubic LLZO compared to tetragonal LLZO is plotted as a function of Li vacancy concentration (see Method sec-
tion for more information). The result shows that the energy difference (Δ E) between cubic and tetragonal phases 
linearly decreases with increasing Li vacancy concentration in good agreement with other previous literatures39,40. 
It should be noted that an entropy term was not considered in the calculated energy values and the cubic LLZO 
would have larger entropy than tetragonal LLZO due to the disorderings in Li sites.
The ionic conductivities of the two cubic LLZO; single Al-doped (Li7−3x−yAlxLa3Zr2−yTayO12; x = 0.2, y = 0) and 
multi-doped (Li7−3x−yAlxLa3Zr2−yTayO12; x = 0.2, y = 0.2) LLZO were investigated. The optimized sintering process 
with the LLZO powder is necessary to obtain a sintered body with an adequate intrinsic ionic path (12 h at 1200 ˚ C). 
However, the doped LLZO has begun to decompose with prolonged hours of sintering leading to the formation of 
second phases such as La2Zr2O7 and LaAlO3, which might be due to the significant loss of volatile Li during long 
thermal reaction (Figure S2). The total ionic conductivities are plotted as a function of sintering time at 1200 ˚ C 
along with relative densities and microstructures of the doped LLZO pellets as shown in Fig. 3a,b. As the sinter-
ing proceeded, both of the total ionic conductivity and the relative density of sintered pellet increased. The total 
ionic conductivity was calculated from the room temperature AC impedance wherein no clear semicircle at high 
frequency was observed except for a vertical tail at low frequency (Figure S3). The lack of clear semicircle implied 
that the grain boundary resistance was negligible, which was in agreement with the results in literatures23,32,36. In 
the initial stage of the sintering, the pellet had porous microstructures in which the serious internal resistance 
hindering Li ion movement could arise. As a result, the 1 h sintered pellet showed the total ionic conductivity below 
~10−4 S cm−1. The highest value of the total ionic conductivity was achieved with the 12 h sintered pellets indicating 
that the internal dense structure of LLZO is an important factor determining the total ionic conductivity. The total 
ionic conductivity of 24 h sintered pellet was lower than that of 12 h sintered pellet, although the relative density 
increased. This might be related to the formation of impurity phases reducing Li ionic conductivity. It is worth-
while to note that the multi-doped LLZO showed about three times higher ionic conductivity (6.14 × 10−4 S cm−1) 
than that of the single Al-doped LLZO (2.54 × 10−4 S cm−1) at the same experimental condition. The temperature 
Figure 2. Doping effect on the stabilization of cubic LLZO. (a) XRD patterns of synthesized LLZO power 
according to doping condition. Dopant species are described with x and y in Li7−3x−yAlxLa3Zr2−yTayO12. 
(b) Calculated energy difference (Δ E = Ecubic − Etetragonal) between cubic and tetragonal LLZO as a function of Li 
vacancy x in Li56−xLa24Zr16O96.
www.nature.com/scientificreports/
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dependence of total ionic conductivity for both single Al-doped and multi-doped LLZO sintered for 12 h, was 
plotted according to the Arrhenius equation (Fig. 3c);
σ = (− / )T A E kTexp a
where A is the frequency factor, Ea is the activation energy, k is the Boltzmann constant and T is the absolute 
temperature. The linear shape of the plot indicated that there was no distinct structural change of LLZO in the 
temperature range of − 20 to 100 ˚ C. The Li ionic conductivity of the multi-doped LLZO was higher than that of 
the single Al-doped LLZO at all temperatures. Moreover, the activation energy of multi-doped LLZO (0.29 eV) 
was lower than that of single Al-doped LLZO (0.36 eV). The experimental results including the Arrhenius plots 
of the single Al-doped and multi-doped LLZO sintered for different time, are also summarized for a comparison 
in Figure S4 and Table S1.
Discussion
As shown in Fig. 2, doping Al or Ta into LLZO is an efficient strategy for stabilizing the cubic phase, which intrin-
sically exhibits the higher Li ionic conductivity than that in the tetragonal phase. Nevertheless, the origin of the 
Figure 3. Characterizations of the sintered single Al-doped (Li7−3x−yAlxLa3Zr2−yTayO12; x = 0.2, y = 0) and 
multi-doped (Li7−3x−yAlxLa3Zr2−yTayO12; x = 0.2, y = 0.2) LLZO. Total ionic conductivity, relative density and 
cross-sectional SEM images (the black scale bars represent 10 μ m) of (a) single Al-doped and (b) multi-doped 
LLZO as a function of sintering time at 1200 ˚ C. (c) The temperature dependence of total ionic conductivity for 
both single Al-doped and multi-doped LLZO sintered for 12 h.
www.nature.com/scientificreports/
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higher Li ionic conductivity in the multi-doped LLZO needs to be discussed even though both singly-doped and 
multi-doped LLZOs are in the cubic phase. It is widely accepted that the immobile Al dopant in the Li sites may 
impede the Li diffusion by blocking the conduction paths of Li ions in the LLZO31,41. One of the important aspects 
of the cubic LLZO is that there are two Li sites of 24d and 96 h that Al can possibly occupy41. The two Li ions in 
24 d and 96 h sites are close to each other and connected in the un-doped cubic phase offering the ionic conduction 
paths. In particular, the 24 d Li sites forms junctions of these linear conduction paths, thereby offering the fast 
three-dimensional Li diffusion paths as illustrated in Fig. 1 31,35. In this respect, the extent of the blocking effect 
can be sensitively affected by the doping sites of Al (24 d or 96 h of Li sites). To visualize the effect of Al dopants in 
two different sites on conduction paths of Li ions, the bond valence method (BVM) is utilized, which is often used 
to predict the alkali-metal ion diffusion paths in inorganic materials42,43. Figure 4 shows that, while the un-doped 
cubic phase retains the 3D conduction paths of Li ions (Fig. 4a,b), the occupancy of Al in the Li sites significantly 
blocks the connecting paths (Fig. 4c,d). In particular, the Al in the 24d junction sites impedes the conduction of 
Li ions more seriously by blocking the incoming Li ions from four different directions (Fig. 4c), while the only 
one-direction pathway of Li ions is hindered by the Al in the 96 h sites (Fig. 4d). It indicates that even for the same 
amount of Al dopants, the Li conductivity would be more vulnerable to Al in the 24 d sites than that in the 96 h sites.
For this reason, we focused on the preferred sites of Al dopants in both single Al-doped and multi-doped 
LLZO cubic phases. In Fig. 5, the calculated energy difference between LLZO with Al in the 24 d site and 96 h site 
is described as a function of Ta doping concentration (see Method section for more information). It was found 
that the energy of LLZO with Al in the 24 d site is significantly lower than in 96 h site by more than 11 meV per 
atom, indicating that most of initial Al dopants would occupy the 24 d sites. It implies that even small amount of Al 
dopants can sensitively affect on the Li ion conduction. On the other hand, we found that the 24 d site preference 
of Al is substantially reduced by the additional doping of Ta element. Figure 5 shows that the instability of Al in 
the 96 h site compared to 24 d site decreases by the additional Ta doping. And, a higher Ta content induces further 
reduction in the preference of Al in the 24 d site. This theoretical prediction could be supported by the X-ray 
Figure 4. The blocking effect of Al in cubic LLZO structure. Simulated BVM data is shown as blue shaded 
area. For convenience, other atoms (La, Zr, O) are not displayed. (a) 3D illustration of un-doped cubic LLZO. 
Projected view from along the [100] direction of (b) un-doped cubic LLZO, (c) Al-doped LLZO with Al in 
24 d site, (d) Al-doped LLZO with Al in 96 h site. The blocked paths by Al is marked as red “X” in (c) and (d). 
The green arrows are depicted to represent diffusive motion of Li. A certain region (0.5 < a < 1.0) is selected 
exclusively in (b), (c) and (d), to avoid overlapped data.
www.nature.com/scientificreports/
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diffraction Rietveld refinement of the single Al-doped and multi-doped LLZOs. Figures 6 and 7 confirm that the 
preferences of Al in 24 d sites are significantly limited and more than three quarters of Al in the 24 d site moved 
into the 96 h site by additional Ta doping. To support the reliability of the obtained site occupancy of Al ions in 
Fig. 7, we also conducted the Rietveld refinement with the assumed model without Al ions in the structure. The 
refinement result of the model without Al ions clearly shows less reliability compared to the model with Al ions as 
shown in Table S2. It was confirmed that the Rietveld refinement result is affected by the presence of Al ions in the 
structure in spite of its small amounts. In addition, it should be noted that an entropy term was not considered in 
the calculated energy values and the cubic LLZO with Al in the 96 h site would have larger entropy than 24 d site 
because more Li sites are allowed for the former case41. Thus, the site preference of Al could be slightly randomized 
at the high temperature range where the free energy is dominated by the entropy term as shown in Figs 6 and 7. 
Nevertheless, the clear reduction of Al dopants in the 24 d sites in the multi-doped LLZO strongly suggests that 
Figure 5. The additional Ta doping effect on change of Al site preference in Al-doped LLZO. The calculated 
energies of LLZO with Al in 24d and 96h site are described as Δ and □ , respectively. All calculated data of 
each doping group (i.e. same dopant species) are depicted in the same color. The instability of Al in 96 h site 
compared to 24 d site is denoted as double arrows. Since the multiple atomic configurations with different 
energies exist in the case of multi-doped LLZO, only half of them in lower part of energy states are presented. 
All calculated energies are rescaled by making the most stable configuration in each doping group correspond 
to zero. Inset image is describing two different doping sites of Al.
Figure 6. X-ray diffraction Rietveld refinement results for the single Al-doped LLZO describing (a) the 
refinement results, (b) overall crystal structure factors and (c) atomic site information, respectively. The 
refinement results are obtained with low Bragg R-factors (5.89%), indicating the reliability of the structural 
refinements.
www.nature.com/scientificreports/
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Ta doping has affected on the Al site preference. The shift of the Al site from the 24 d to 96 h Li sites would provide 
more open conduction paths of Li ions and thus increases Li ionic conductivity as shown in Fig. 3.
Summary. In summary, we have demonstrated that the fast stabilization of cubic phase is feasible for the 
multi-doped LLZO compared to single Al-doped LLZO, through Li vacancies generated by the inclusion of alio-
valent dopants. In spite of the stabilizing effect of Al, the site preference of Al substituting a 24 d Li sites can block 
the Li ion conductive pathway in the garnet framework. However, the additional Ta doping moves a majority of 
Al from the 24 d to 96 h Li sites, providing more open space for Li ion transport as well as the increased amount 
of Li vacancy. Owing to these synergistic effects, the multi-doped cubic LLZO yields a total ionic conductivity 
of 6.14 × 10−4 S cm−1 and activation energy of 0.29 eV, which are comparable or even superior to the results in 
literatures wherein the multiple steps and long thermal reaction time are required21–32. By choosing an appropri-
ate combination and amounts of dopants, this study offers a facile approach to the development of a novel solid 
electrolyte for the safety-oriented energy storage applications.
Methods
Preparation of the single Al-doped and multi-doped L7La3Zr2O12. Li2CO3 (99.9%), La2O3 (99.9%), 
ZrO2 (99.9%), Al2O3 nanopowder (< 50 nm particle size), Ta2O5 (99.9%) were purchased from Sigma-Aldrich and 
used as received. Garnet-structured cubic LLZO solid electrolytes with the desired amounts of doping elements 
(only Al, only Ta, or both Al and Ta) was prepared through a solid-state reaction. The whole precursor materials 
were weighed according to the stoichiometry and mixed by planetary ball-milling in isopropyl alcohol at 200 rpm 
for 10 h. No excess Li was added into the mixture. After drying the mixture, the collected powder was calcined at 
1000 ˚ C for 2–4 h to obtain the cubic LLZO powder. The calcined LLZO powder was reground and pressed into 
a pellet at 50 MPa. Finally, the pellet was sintered at 1200 ˚ C from 1 to 24 h to ensure the formation of well-dense 
body. In the sintering step, the pellet was covered with the mother LLZO power to minimize the Li loss at high 
temperature. During the synthesis of cubic LLZO powder and the sintering of pellet, Al2O3 crucible with boron 
nitride (BN) coating was used to prevent the unintentional Al doping.
Characterization. The structural analysis of LLZO power and the sintered pellet was performed by X-ray 
diffraction (XRD) pattern using an X-ray diffractometer (X’pert Pro, Philips, λ = 1.54056 Å) equipped with a Cu 
target and accumulative detector. The cross-section microstructure of solid electrolyte was analyzed with a scanning 
electron microscopy (SEM; Hitachi S-4800). The bulk density of the sintered LLZO was calculated from the weight 
and physical dimensions. By dividing the bulk density by theoretical density, the relative density was determined. 
The ionic conductivity of LLZO pellet was measured by the AC impedance method using a frequency response 
analyzer (Solartron HF1225, 10−1  to 105 Hz) in the temperature range of − 20 to 100 ˚ C. Prior to measurement, 
the ~6 μ m thick Cu electrode was evaporated on both sides of LLZO pellet to form the current collector.
Computational details. All calculations were performed based on a density functional theory (DFT), 
with Perdew-Burke-Ernzerhof (PBE) spin-polarized generalized-gradient approximation (GGA) functional44. 
Figure 7. X-ray diffraction Rietveld refinement results for the multi-doped LLZO describing (a) the refinement 
results, (b) overall crystal structure factors and (c) atomic site information, respectively. The refinement results 
are obtained with low Bragg R-factors (4.89%), indicating the reliability of the structural refinements.
www.nature.com/scientificreports/
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The interaction between valence electron and ion was treated by the projector augmented wave (PAW) method, 
as implemented in the Vienna Ab initio Simulation Package (VASP)45,46. An energy cutoff of 600 eV and a 
gamma-centered 1 × 1 × 1 k-point grid was used.
Initial structures of tetragonal and cubic LLZO were obtained from previous literatures33,47. Unit cell of both 
structures (Li56La24Zr16O96) contain 8 formula units (Li7La3Zr2O12). It is noted that the obtained cubic structure 
has excess Li sites because of partially occupied Li sites (Fig. 1). To determine 56 sites out of 120, an electrostatic 
energy criterion was used implemented in the Python Materials Genomics (pymatgen) code48,49. Prior to removing 
excess Li atoms in the obtained structure, all ions assigned idealized oxidation states (i.e., Li1+, La3+, Zr4+, O2−). 
With the assigned oxidation states, excess Li atoms were removed by highest electrostatic energy first in sequence.
For the calculation in Fig. 2b, dopants were not employed to show the intrinsic effect of Li vacancy concentration 
on cubic LLZO stabilization. Therefore, only Li ions were removed to maintain oxidation states of that system (i.e. 
the number of electrons in the system is maintained). For the calculation in Fig. 5, all possible dopant configurations 
of cubic LLZO with Ta on Zr site and Al on Li site are considered. For each dopant configuration, dopant sites were 
designated first and then Li atoms were removed up to its stoichiometric numbers by above mentioned method.
References
1. Tarascon, J.-M. & Armand M. Issues and challenges facing rechargeable lithium batteries. Nature 414, 359–367 (2001).
2. Armand, M. & Tarascon, J.-M. Building better batteries. Nature 451, 652–657 (2008).
3. Gwon, H. et al. Recent progress on flexible lithium rechargeable batteries. Energy & Environ. Sci. 7, 538–551 (2014).
4. Bruce, P. G., Freunberger, S. A., Hardwick, L. J. & Tarascon, J.-M. Li–O2 and Li–S batteries with high energy storage. Nat. Mater. 11, 
19–29 (2012).
5. Balakrishnan, P. G., Ramesh, R. & Prem Kumar, T. Safety mechanisms in lithium-ion batteries. J. Power Sources 155, 401–414 (2006).
6. Kil, E.-H. et al. Imprintable, bendable, and shape-conformable polymer electrolytes for versatile-shaped lithium-ion batteries. Adv. 
Mater. 25, 1395–1400 (2013).
7. Yu, X., Bates, J. B., Jellison, G. E. & Hart F. X. A stable thin-film lithium electrolyte: Lithium phosphorus oxynitride. J. Electrochem. 
Soc. 144, 524–532 (1997).
8. Kanehori, K., Matsumoto, K., Miyauchi, K. & Kudo, T. Thin film solid electrolyte and its application to secondary lithium cell. Solid 
State Ion. 9, 1445–1448 (1983).
9. Tatsumisago, M., Machida, N. & Minami, T. J. Mixed anion effect in conductivity of rapidly quenched Li4SiO4-Li3BO3 glasses. J. 
Ceram. Soc. Jpn. 95, 197–201 (1987).
10. Mizuno, F., Hayashi, A., Tadanaga, K. & Tatsumisago, M. New, highly ion-conductive crystals precipitated from Li2S-P2S5 glasses. 
Adv. Mater. 17, 918–921 (2005).
11. Hayashi, A., Hama, S., Minami, T. & Tatsumisago, M. Formation of superionic crystals from mechanically milled Li2S-P2S5 glasses. 
Electrochem. Commun. 5, 111–114 (2003).
12. Seino, Y., Ota, T., Takada. K., Hayashi, A. & Tatsumisago, M. A sulphide lithium super ion conductor is superior to liquid ion 
conductors for use in rechargeable batteries. Energy Environ. Sci. 7, 627–631 (2014).
13. Hayashi, A., Minami, K., Ujiie, S. & Tatsumisago, M. Preparation and ionic conductivity of Li7P3S11-z glass-ceramic electrolytes. J. 
Non-Cryst. Solids 356, 2670–2673 (2010).
14. Kanno, R. & Murayama, M. Lithium ionic conductor thio-LISICON. J. Electrochem. Soc. 148, A742–A746 (2001).
15. Kamaya N. et al. A lithium superionic conductor. Nat. Mater. 10, 682–686 (2011).
16. Mo, Y., Ong, S. P. & Ceder, G. First principles study of the Li10GeP2S12 lithium super ionic conductor material. Chem. Mater. 24, 15–17 
(2012).
17. Takada, K. Progress and prospective of solid-state lithium batteries. Acta Mater. 61, 759–770 (2013)
18. Birke, P., Scharner, S., Huggins, R. A. & Weppner, W. Electrolytic statbility limit and rapid lithium insertion in the fast-ion-conducting 
Li0.29La0.57TiO3 perovskite-type compound. J. Electrochem. Soc. 144, L167–L169 (1997).
19. Stramare, S., Thangadurai, V. & Weppner, W. Lithium lanthanum titanates: A review. Chem. Mater. 15, 3974–3990 (2003).
20. Nakano, H., Dokko, K. Hara, M., Isshiki, Y. & Kanamura, K. Three-dimensionally ordered composite electrode between LiMn2O4 
and Li1.5Al0.5Ti1.5(PO4)3. Ionics 14, 173–177 (2008).
21. Murugan, R., Thangadurai, V. & Weppner, W. Fast lithium ion conduction in garnet-type Li7La3Zr2O12. Angew. Chem. Int. Ed. 46, 
7778–7781 (2007).
22. Huang, M. et al. Effect of sintering temperature on structure and ionic conductivity of Li7−xLa3Zr2O12−0.5x (x= 0.5~0.7) ceramics. 
Solid State Ion. 204–205, 41–45 (2011).
23. Kotobuki, M., Munakata, H., Kanamura, K., Sato, Y. & Yoshida, T. Compatibility of Li7La3Zr2O12 solid electrolyte to all-solid-state 
battery using Li metal anode. J. Electrochem. Soc. 157, A1076–A1079 (2010).
24. Huang, M., Dumon, A. & Nan, C.-W. Effect of Si, In and Ge doping on high ionic conductivity of Li7La3Zr2O12. Electrochem. Commun. 
21, 62–64 (2012).
25. Ohta, S., Kobayashi, T. & Asaoka, T. High lithium ionic conductivity in the garnet-type oxide Li7−xLa3(Zr2−x, Nbx)O12 (x= 0-2). J. 
Power Sources 196, 3342–3345 (2011).
26. Kumazaki, S. et al. High lithium ion conductive Li7La3Zr2O12 by inclusion of both Al and Si. Electrochem. Commun. 13, 509–512 
(2011).
27. Ohta, S. et al. Co-sinterable lithium garnet-type oxide electrolyte with cathode for all-solid-state lithium ion battery. J. Power Sources 
265, 40–44 (2014).
28. Kotobuki, M., Kanamura, K., Sato, Y. & Yoshida, T. Fabrication of all-solid-state lithium battery with lithium metal anode using 
Al2O3-added Li7La3Zr2O12 solid electrolyte. J. Power Sources 196, 7750–7754 (2011).
29. Li, Y., Wang, C.-A., Xie, H., Cheng, J. & Goodenough, J. B. High lithium ion conduction in garnet-type Li6La3ZrTaO12. Electrochem. 
Commun. 13, 1289–1292 (2011).
30. Jin, Y. & McGinn, P. J. Al-doped Li7La3Zr2O12 synthesized by a polymerized complex method. J. Power Sources 196, 8683–8687 (2011).
31. Allen, J. L., Wolfenstine, J., Rangasamy, E. & Sakamoto, J. Effect of substitution (Ta, Al, Ga) on the conductivity of Li7La3Zr2O12. J. 
Power Sources 206, 315–319 (2012).
32. Wolfenstine, J., Ratchford, J., Rangasamy, E. Sakamoto, J. & Allen J. L. Synthesis and high Li-ion conductivity of Ga-stabilized cubic 
Li7La3Zr2O12. Mater. Chem. Phys. 134, 571–575 (2012).
33. Awaka, J., Kijima, N., Hayakawa, H. & Akimoto, J. Synthesis and structure analysis of tetragonal Li7La3Zr2O12 with the garnet-related 
type structure. J. Solid State Chem. 182, 2046–2052 (2009).
34. Miara, L. J. et al. Effect of Rb and Ta Doping on the ionic conductivity and stability of the garnet Li7+2x–y(La3–xRbx)(Zr2–yTay)O12 
(0≤ x≤ 0.375, 0≤ y≤ 1) Superionic Conductor: A first principles investigation. Chem. Mater. 25, 3048–3055 (2013).
35. Geiger, C. A. et al. Crystal chemistry and stability of “Li7La3Zr2O12” garnet: A fast lithium-ion conductor. Inorgan. Chem. 50, 
1089–1097 (2011).
www.nature.com/scientificreports/
9Scientific RepoRts | 5:18053 | DOI: 10.1038/srep18053
36. Rangasamy, E., Wolfenstine, J. & Sakamoto, J. The role of Al and Li concentration on the formation of cubic garnet solid electrolyte 
of nominal composition Li7La3Zr2O12. Solid State Ion. 206, 28–32 (2012).
37. Takano, R., Tadanaga, K., Hayashi, A. & Tatsumisago, M. Low temperature synthesis of Al-doped Li7La3Zr2O12 solid electrolyte by a 
sol–gel process. Solid State Ion. 255, 104–107 (2014).
38. Tan, J. & Tiwari, A. Synthesis of cubic phase Li7La3Zr2O12 electrolyte for solid-state lithium-ion batteries. Electrochem. Solid-State 
Lett. 15, A37–A39 (2011).
39. Thompson, T. et al. Tetragonal vs. cubic phase stability in Al–free Ta doped Li7La3Zr2O12 (LLZO). J. Mater. Chem. A 2, 13431–13436 
(2014).
40. Bernstein, N., Johannes, M. & Hoang, K. Origin of the structural phase transition in Li7La3Zr2O12. Phys. Rev. Lett. 109, 205702 (2012).
41. Rettenwander, D. et al. DFT Study of the role of Al3+ in the fast ion-conductor Li7–3xAl3+xLa3Zr2O12 Garnet. Chem. Mater. 26, 
2617–2623 (2014).
42. Avdeev, M., Sale, M., Adams, S. & Rao, R. P. Screening of the alkali-metal ion containing materials from the inorganic crystal structure 
database (ICSD) for high ionic conductivity pathways using the bond valence method. Solid State Ion. 225, 43–46 (2012).
43. Sale, M. & Avdeev, M. 3DBVSMAPPER: a program for automatically generating bond-valence sum landscapes. J. Appl. Crystallograph. 
45, 1054–1056 (2012).
44. Perdew, J. P., Ernzerhof, M. & Burke, K. Rationale for mixing exact exchange with density functional approximations. J. Chem. Phys. 
105, 9982–9985 (1996).
45. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953 (1994).
46. Kresse, G. & Joubert, D. From ultrasoft psedopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).
47. Awaka, J. et al. Crystal structure of fast lithium-ion-conducting cubic Li7La3Zr2O12. Chem. Lett. 40, 60–62 (2011).
48. Ewald, P. Evaluation of optical and electrostatic lattice potentials. Ann. Phys. 64, 253–287 (1921).
49. Ong, S. P. et al. Python Materials Genomics (pymatgen): A robust, open-source python library for materials analysis. Comput. Mater. 
Sci. 68, 314–319 (2013).
Acknowledgements
This work was supported by the Energy Efficiency & Resources Program of the Korea Institute of Energy Technology 
Evaluation and Planning (KETEP) grant funded by the Korea government Ministry of Trade, Industry & Energy 
(No. 20132020000270 and 20152010103470).
Author Contributions
D.O.S. and K.O. contributed equally to this work. D.O.S., K.M.K. and Y.-G.L. designed the experiments. D.O.S. 
performed the experiments and collected data. K.O. and B.L. designed the DFT calculations. K.O. performed the 
DFT calculation. K.-Y.P. conducted X-ray diffraction Rietveld refinement. D.O.S., K.O., Y.-G.L. and K.K. interpreted 
the results and wrote the manuscript. All authors discussed the results on the manuscript.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Shin, D. O. et al. Synergistic multi-doping effects on the Li 7 La 3 Zr 2 O 12 solid electrolyte 
for fast lithium ion conduction. Sci. Rep. 5, 18053; doi: 10.1038/srep18053 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
